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ABSTRACT
Context. Heavy elements, even though its smaller constituent, are crucial to understand Jupiter formation history. Interior models
are used to determine the amount of heavy elements in Jupiter interior, nevertheless this range is still subject to degeneracies due to
uncertainties in the equations of state.
Aims. Prior to Juno mission data arrival, we present Jupiter optimized calculations exploring the effect of different model parameters in
the determination of Jupiter’s core and heavy element’s mass. We perform comparisons between equations of state published recently.
Methods. The interior model of Jupiter is calculated from the equations of hydrostatic equilibrium, mass and energy conservation,
and energy transport. The mass of the core and heavy elements is adjusted to match Jupiter’s observational constrains radius and
gravitational moments.
Results. We show that the determination of Jupiter interior structure is tied to the estimation of its gravitational moments and the
accuracy of equations of state of hydrogen, helium and heavy elements. The location of the region where Helium rain occurs as well
as its timescale are important to determine the distribution of heavy elements and helium in the interior of Jupiter. We show that
differences find when modeling Jupiter’s interior with recent EOS are more likely due to differences in the internal energy and entropy
calculation. The consequent changes in the thermal profile lead to different estimations of the mass of the core and heavy elements,
explaining differences in recently published Jupiter interior models.
Conclusions. Our results help clarify differences find in Jupiter interior models and will help the interpretation of upcoming Juno
data.
Key words. Planets and satellites: composition
1. Introduction
Jupiter’s internal structure is estimated with interior models
which use observational constrains such as its mass, radius and
gravitational moments, derived from measurements made with
Pioneer and Voyager (Campbell & Synnott 1985). Juno mission
is designed to improve our knowledge of Jupiter’s interior and
its formation history by a combination of highly accurate mea-
surements of Jupiter’s gravity and magnetic field as well as water
abundance in the atmosphere.
Models of Jupiter’s internal structure rely on the study of the
properties of hydrogen and helium at high pressures (Saumon &
Guillot 2004; Fortney & Nettelmann 2010; Baraffe et al. 2014).
One of the most successful equations of state was the one pub-
lished by Saumon et al. (1995) (SCvH) which has been used
in numerous publications for giant planet’s interior calculations.
Since 1995, development in numerical techniques allowed a new
generation of equations of state calculated from Ab initio simula-
tions (Nettelmann et al. 2008; Militzer et al. 2008; Militzer 2006,
2009; Caillabet et al. 2011; Nettelmann et al. 2012; Militzer &
Hubbard 2013; Becker et al. 2014). These equations of state,
even though calculated from the same principles and numerical
techniques, were used to construct Jupiter interior models with
different results.
While results by Nettelmann et al. (2008) suggested small
core masses up to 8 MEarth consistent with previous estimations
(Saumon & Guillot 2004), results by Militzer et al. (2008) chal-
lenged the small core hypothesis finding large cores of 14−18
MEarth. Nettelmann et al. (2012) improved their previous model
and equation of state (Nettelmann et al. 2008), and tested dif-
ferent models for the distribution of heavy elements in Jupiter’s
interior. They found that a Jupiter model with an homogenous
interior plus a core will lead to larger cores more consistent with
Militzer et al. (2008) estimations, while a discontinuous distri-
bution of helium and heavy elements plus a core leads to core
masses of up to 8 MEarth but a large mass of heavy elements
(28−32 MEarth). They concluded that the differences in Jupiter
internal structure originate from different model assumptions, a
conclusion in agreement with Militzer & Hubbard (2009) anal-
ysis. After those papers two new results were published. Mil-
itzer & Hubbard (2013) (MH13) present a new equation of
state for an interacting hydrogen-helium mixture with self con-
sistent entropy calculations and a recent paper by Becker et al.
(2014) (REOS.3) shows updated tables for hydrogen and helium
in a large range which covers all temperatures and densities in
Jupiter’s interior. These recent estimations still present differ-
ences in Jupiter interior calculations, showing that one of the
big challenges in the modeling of Jupiter’s internal structure still
rests on the determination and accuracy of hydrogen and helium
equations of state.
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We explore the differences in the internal structure of Jupiter
-on its derived core and heavy elements’ mass- calculated with
the same model assumptions but different equations of state, ex-
ploring also the effect of different equations of state for heavy el-
ements, different locations of the separation between the molec-
ular and metallic layer and different models for the heavy ele-
ments’ distribution in Jupiter’s interior. In anticipation of Juno
measurements, we also study the gravitational moments used to
constrain the solutions, to get a better knowledge of the sensitiv-
ity of Jupiter interior to different model parameters and under-
stand the implications of Juno measurements in internal structure
calculations.
2. Modeling Jupiter
Jupiter’s internal structure is determined from the equations of
hydrostatic equilibrium, mass and energy conservation, and en-
ergy transport, which are calculated using the code CEPAM
(Guillot & Morel 1995). We set the boundary condition at 1 bar
to be T=165K from Voyager and Galileo measurements (Lin-
dal 1992; Atkinson et al. 1998), where the mass and luminosity
are almost equal to the total mass and luminosity of the planet.
In this work, we assume that the envelope structure is adiabatic.
We note that the presence of deep radiative zones is unlikely (see
Guillot et al. (2004)). Some recent work include a non-adiabatic,
double-diffusive region in the helium demixing region (Nettel-
mann et al. 2015; Mankovich et al. 2016), but this has an effect
on the inferred core mass and mass of heavy elements that is sig-
nificantly smaller than the uncertainties discussed here. We do
not consider the possibility that the envelope is entirely double-
diffusive, a possibility that would yield vastly larger amounts of
heavy elements in the interior (Leconte & Chabrier 2012). We
note that dry Ledoux convection tends to homogeneize a large
fraction of the envelope (Vazan et al. 2016), implying that this
possibility is unlikely.
Helium abundance in the external envelope is taken as Y =
0.238 ± 0.007 to match the in situ observations made by the
Galileo probe (Zahn et al 1998). To explain helium depletion
compared to the protosolar value (0.270± 0.005, Bahcall & Pin-
sonneault (1995)) we assume that a helium phase transition oc-
curs at a pressure Psep, between 0.8 and 4 Mbar according to
Morales et al. (2013) immiscibility calculations. Helium settles
down increasing the abundance at the deeper layer, which ac-
counts for the depleted amount in the outer envelope. Since the
physics and dynamics of helium rain is not understood in de-
tail, we consider two different models for the distribution of
solids in the planet’s interior. In one model helium rain has a
fast timescale allowing an efficient mixture of solids in the in-
terior of Jupiter, which has an homogeneous distribution (Z-
homogeneous). In the other model we assume that helium rain
induces a compositional difference between the two layers and
therefore in this scenario there are two different abundances for
the metals in the outer and deeper layer (Z-discontinuous).
3. Equations of state
3.1. Hydrogen and helium
The proper determination of Jupiter’s internal structure is tied to
the accuracy of the equations of state at the range of temperatures
and pressures reached in the interior of this giant. Since ∼ 85%
of Jupiter’s mass is hydrogen and helium, the equations of state
of these elements determine its internal structure. Nevertheless,
we show that the treatment adopted for the heavy elements also
affects the core mass and total mass of heavy elements retrieved
with our calculations (section 4.2.2).
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Fig. 1. Phase diagram of hydrogen (adapted from Guillot & Gautier
(2015)). The range of validity of each equation of sate in the range of the
figure is shown in different colors: SCvH is shown in purple, MH13 in
blue and REOS.3 in orange. Jupiter’s internal structure is shown (green
thick line).
In this study we use three different equations of state for hy-
drogen and helium: the widely used Saumon et al. (1995) equa-
tions of state, and the more recent equations of state derived from
Ab initio calculations published by Militzer & Hubbard (2013)
and by Becker et al. (2014). Figure 1 shows the phase diagram
of hydrogen and the range of pressure and temperature covered
by each equation of state.
3.1.1. A pure hydrogen equation of state from MH13 results
MH13 table has pressure, internal energy, Helmholtz free en-
ergy and specific entropy as function of density and temperature,
while CEPAM uses tables where entropy and density are given
as function of pressure and temperature. We use cubic spline in-
terpolation to create a table in CEPAM format.
As shown in figure 1, MH13 equation of state was made for
a small range of pressure and temperature that do not cover all
pressures and temperatures in Jupiter’s interior. We extend the
table using SCvH equation of state for those temperatures and
pressures with no data. To smoothen the limits between the two
tables we use linear interpolation. The new table covers a range
of pressure between 104 and 1019 g/(cm s2) and a range of tem-
peratures 2.25 ≤Log(T)≤ 7 K.
MH13 equation of state was made for a mixture of hydrogen
and helium (YMH13=0.245). To allow a change in the composi-
tion of the molecular and metallic envelopes, we extracted the
hydrogen from the table, creating a pure hydrogen equation of
state based on MH13 results. We calculated density and entropy
for each pressure and temperature in the table using the equa-
tions for a mixture and the SCvH equation of state for helium:
1
ρH
=
1
XMH13
(
1
ρMH13
− YMH13
ρSCvH,He
)
(1)
S H =
1
X
(
S MH13 − Y S SCvH,He
)
(2)
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Fig. 2. Specific internal energy as a function of density at different temperatures for hydrogen (left panel) and helium (right panel), using two
different equations of state. SCvH is shown in green solid lines and the values shown in blue dotted lines correspond to the u in REOS.3 plus ∆u
(∆uH = 1590.12135 for hydrogen and ∆uHe = 1843.06795 for helium) or REOS3b.
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Fig. 3. Specific entropy vs. density at different temperatures for hydrogen (left panel) and helium (right panel). For hydrogen we show a comparison
between the entropy calculated with REOS3b (blue), the one published in SCvH (green) and MH13+SCvH values (red). Since MH13+SCvH is a
pure hydrogen table, the right panel shows a comparison between REOS3b and SCvH only.
with ρH and SH the density and entropy of the pure hydro-
gen equation of state we extracted from MH13 table, ρSCvH,He
and SSCvH,He the density and entropy in the SCvH helium table,
XMH13, ρMH13 and SMH13 the hydrogen mass fraction, density
and entropy in MH13, respectively. Eq. (2) neglects the entropy
of mixing. Detailed calculations using the SCvH EOS with and
without this entropy of mixing show that this is a much smaller
effect than the uncertainties on the EOSs themselves discussed
here. We call this new hydrogen table MH13+SCvH (shown in
appendix A).
3.1.2. Entropy calculation for hydrogen and helium using
REOS.3
REOS.3 is a density-temperature equation of state with pressure
and specific internal energy that covers a large range in pres-
sure and temperature (figure 1, for hydrogen). To allow compar-
isons between the tables and avoid errors in the entropy calcu-
lation, we changed the zero point of the specific internal energy
in the REOS.3 tables to make them coincide in the ideal gas
regime with the SCvH EOS (N. Nettelmann and A. Becker pri-
vate communication). Since the difference between the specific
internal energy of REOS.3 and SCvH equations of state at T=60
K and ρ = 10−3 g/cm3 is ∆uH = 1590.12135 for hydrogen and
∆uHe = 1843.06795 for helium, we added these values to all
the specific internal energies in the REOS.3 H and He tables,
respectively. Figure 2 shows a comparison between the internal
energies of SCvH and REOS.3 + ∆u.
The entropy is a necessary parameter in internal structure
calculations. The two layers considered in the model follow an
adiabat, therefore the ratio between the derivatives of the entropy
with respect to pressure and temperature gives us the tempera-
ture gradient in the planet’s interior. We calculate the specific
entropy, s, for each point of the REOS.3 table through thermody-
namic relations between the published u, P,T and ρ (Nettelmann
et al. 2012).
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From the definition of the Helmholtz free energy:
F = U − TS (3)
it follows,
s(T,V) =
u(T,V)
T
− 1
M
(F(T,V)
T
− F(T0,V0)
T0
)
+ s0 (4)
Since,
1
M
(F(T,V)
T
− F(T0,V0)
T0
)
=
1
M
∫ T,V
T0,V0
d
(F(T ′,V ′)
T ′
)
(5)
and
d
(F(T ′,V ′)
T ′
)
=
dF
T
− F
T 2
dT (6)
from Eq. (3) it follows,
dF
T
=
d(U − TS )
T
=
dU
T
− dS − S
T
dT (7)
and
F
T 2
dT =
(U − TS )
T 2
dT (8)
then Eq. (6) can be written as:
d
(F(T ′,V ′)
T ′
)
=
dU
T
− dS − U
T 2
dT (9)
using that
dU
T
= −P
T
dV + dS (10)
then
d
(F(T ′,V ′)
T ′
)
= −P
T
dV − U
T 2
dT (11)
Now, going to ρ and T plane
1
M
d
(F(T ′, ρ′)
T ′
)
=
P
T
1
ρ2
dρ − u
T 2
dT (12)
Finally,
1
M
∫ T,ρ
T0,ρ0
d
(F(T ′, ρ′)
T ′
)
=
∫ ρ
ρ0
P(T0, ρ′)
T0
1
ρ′2
dρ′ −
∫ T
T0
u(T ′, ρ)
T ′2
dT ′
(13)
and going back to Eq. (4):
s(T, ρ) =
u(T,V)
T
−
[ ∫ ρ
ρ0
P(T0, ρ′)
T0
1
ρ′2
dρ′−
∫ T
T0
u(T ′, ρ)
T ′2
dT ′
]
+s0
(14)
The specific entropy at each point is calculated from Eq. (14),
using the trapezoid rule for the numerical integration and cubic
splines interpolation to add temperature and density points to im-
prove the numerical calculation. Figure 3 shows a comparison of
the entropy calculated at different temperatures with other equa-
tions of state.
These new equations of state with entropy and internal ener-
gies that coincide with SCvH at T=60 K and ρ = 10−3 g/cm3 are
called REOS3b (see appendix A).
3.2. Comparison with experiments
The original equations of state MH13 and REOS.3 experienced
some changes such as the creation of a pure hydrogen table and
the extension of such table for a large pressure and tempera-
ture range (MH13+SCvH, section 3.1.1), the change of the u0
and entropy calculation (REOS3b section 3.1.2), and interpola-
tion to add more points and make a pressure-temperature table
(MH13+SCvH and REOS3b). In order to test our final tables,
we make comparisons with high pressure experiments.
A lot of attention has been devoted to experiments designed
to understand the properties of hydrogen (or deuterium) and he-
lium at high densities (Nellis et al. 1983, 1984; Holmes et al.
1995; Collins et al. 1998; Belov et al. 2002; Boriskov et al. 2003;
Grishechkin et al. 2004; Knudson et al. 2004; Eggert et al. 2008;
Hicks et al. 2009; Celliers et al. 2010; Loubeyre et al. 2012).
In these experiments a gas at rest with an initial thermodynamic
state (u0, ρ0, P0) is exposed to an abrupt change in pressure, tem-
perature and density. Applying the laws of conservation of mass,
momentum and energy at both sides of this shock wave, we de-
rive a relation between the state of the gas before and after the
shock, called the Rankine-Hugoniot equation:
H(ρ, P) = u − u0 + 12
(
P + P0
)(1
ρ
− 1
ρ0
)
(15)
where ρ, P, u are the density, pressure and internal energy of the
final shocked gas. Equation 15 defines all states on the (u,ρ,P)
surface that can be reached from the initial condition by a single
shock.
3.2.1. Hugoniot-curve calculation from P, T ρ and s
The Hugoniot curve, H(ρ,P), is defined by:
H(ρ, P) = 0 (16)
Since our EOS tables give us P, T, ρ and s we want to write Eq.
(16) as a function of these variables. If we differentiate Eq. (16)
we obtain:
dH = du +
1
2
[(1
ρ
− 1
ρ0
)
dP −
( 1
ρ2
(P + P0)dρ
)]
= 0 (17)
Now we know that:
du = −PdV + Tds (18)
where V = 1
ρ
and therefore,
dV = −dρ
ρ2
(19)
Using Eq. (18) and (19) in (17):
dH =
1
2
(1
ρ
− 1
ρ0
)
dP +
1
2
(P − P0)
ρ2
dρ + Tds = 0 (20)
to integrate in the P,T plane, we use:
dρ(P,T ) =
∂ρ(P,T )
∂P
dP +
∂ρ(P,T )
∂T
dT (21)
ds(P,T ) =
∂s(P,T )
∂P
dP +
∂s(P,T )
∂T
dT (22)
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Fig. 4. Principal Hugoniot of hydrogen (left panel) and helium (right panel). The curves were calculated for an initial state of ρ0 = 0.0855 g/cm3
and T0 = 20 K for hydrogen and ρ0 = 0.123 g/cm3 and T0 = 4 K for helium. Experimental results are shown with different point styles for
comparison. We included recent estimations by Brygoo et al. (2015) who presented corrections of previously published data on He (Eggert et al.
2008; Celliers et al. 2010), H2 and D2 (Loubeyre et al. 2012) based on a better understanding of shocked compressed SiO2.
Equation (20) is written as:
dH(P,T ) =
1
2
( 1
ρ(P,T )
− 1
ρ0
)
dP +
1
2
(P − P0)
ρ(P,T )2
∂ρ(P,T )
∂P
dP+
1
2
(P − P0)
ρ(P,T )2
∂ρ(P,T )
∂T
dT + T
∂s(P,T )
∂P
dP + T
∂s(P,T )
∂T
dT
(23)
Integrating Eq. (23) between an initial point and the final state,
we get the Hugoniot curve as a function of the variables present
in our EOS tables:
H(P,T ) − H0 = 12
∫ P
P(H0)
( 1
ρ(P,T (H0))
− 1
ρ0
)
dP +
1
2
∫ P
P(H0)
(P − P0)
ρ(P,T (H0))2
∂ρ(P,T (H0))
∂P
dP+
∫ P
P(H0)
T (H0)
∂s(P,T (H0))
∂P
dP+
1
2
∫ T
T (H0)
(P − P0)
ρ(P,T )2
∂ρ(P,T )
∂T
dT +
∫ T
T (H0)
T
∂s(P,T )
∂T
dT (24)
To find the zeros in Eq. (24) we calculate H(P,T ) at each P
and T in the EOS table and when it changes sign we do a cu-
bic spline interpolation in P and T to find the exact values of
P,T, ρ(P,T ) and s(P,T) that will give us H(P,T ) = 0. Figure 4
shows Hugoniot curves for hydrogen and helium obtained when
using different equations of state and compared with experimen-
tal data.
3.3. Heavy elements
Hydrogen and helium are the most relevant species, but an ac-
curate description of Jupiter’s interior needs a definition of the
heavy elements equation of state. In our model heavy elements
are water and rocks, and we use three different equations of state
to test their sensitivity. Following Saumon & Guillot (2004) we
use for rocks the equation of state for a mixture of silicates called
"dry sand" in SESAME (Lyon & Johnson 1992). For water we
use the SESAME EOS (Lyon & Johnson 1992), and a more re-
cent equation of state calculated in Valencia et al. (2013), which
combines an equation of state for water at high temperatures
(T>1000K) (French et al. 2009) with results taken from NIST
database (Saul & Wagner 1989).
4. Results
4.1. Different thermal structures
In this section we make a comparison of Jupiter’s interior with
different equations of state. Figure 5 shows that REOS3b leads
to larger temperatures for all densities compared to the other
two equations of state. The differences are large even at rela-
tively low densities, being close to 1000K for ρ ' 0.2 g/cm3.
Since MH13+SCvH uses SCvH equation of state for densities
ρ < 0.22246 g/cm3, the differences between these two EOS arise
for large densities, where MH13+SCvH reaches lower tempera-
tures. These differences in the thermal profiles explain the differ-
ent mass of metals in the envelope and mass of the core derived
with the optimized models.
4.2. Optimized models
We calculate optimized models of Jupiter, in which the abun-
dance of heavy elements and the mass of the core (Mcore), are
adjusted to reproduce the observables within their error bars (see
Guillot et al. (1994) for more details on the method).
4.2.1. Jupiter’s gravitational moments
Our models match Jupiter’s radius and gravitational moments
J2 and J4. These last ones, have changed with time according
we improved our knowledge on Jupiter’s gravity field. Table 1
shows the gravitational moments adopted in this paper. We con-
sider gravitational moments derived from pre-Juno observations
by Voyager 1 and 2, Pioneer 10 and 11 (Campbell & Synnott
1985), as well as more recent values derived from JUP230 and
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Table 1. Gravitational moments explored.
J2 [×10−2] J4 [×10−4] J6 [×10−5] Note Reference
1.4697 (0.0001) -5.84 (0.05) 3.10 (2) Pre-Juno observed Js Campbell & Synnott (1985)
1.4682 (0.0001) -5.80 (0.05) 3.04 (2) Js with differential rotation Guillot (1999)
1.469643 (0.000021) -5.8714 (0.0168) 3.425 (0.522) JUP230 orbit solution Jacobson (2003)
1.469562 (0.000029) -5.9131 (0.0206) 2.078 (0.487) JUP310 orbit solution Jacobson (2013)
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Fig. 5. Top panel: Jupiter’s density and temperature for different
equations of state: SCvH (green solid), REOS3b (blue dashed) and
MH13+SCvH (red dotted line). The discontinuity is due to the sep-
aration of the outer and deeper envelope at Psep = 1 Mbar. Bottom
panel: differences in the temperature obtained with the three differ-
ent equations of state. Blue line is the temperature difference between
REOS3b and SCvH, red dotted line is the difference between SCvH and
MH13+SCvH and orange dashed is the difference between REOS3b
and MH13+SCvH.
JUP310 orbit solutions1, and also values with a correction by dif-
ferential rotation effects, where Hubbard (1982) solution to the
planetary figure problem was adopted in case of a deep rotation
field with cylindrical symmetry (Guillot 1999).
Our calculation of the gravitational moments is based on the
theory of figures of 4th order. A comparison with more detailed
calculations made with concentric Maclaurin spheroid (Hubbard
2012, 2013) (W. B. Hubbard and N. Movshovitz, private com-
munication) showed that our approximation leads to an error of
the order of 1e-7 in J4 and 2e-6 in J6. Figure 6 shows gravita-
tional moments of order 4 and 6 as well as the resulting Js in all
our optimized models with different equations of state. The black
arrow shows the error in the determination of J6. The observed
Js change when considering differential rotation (indicated with
the grey arrow in the Figure). Further studies including interior
dynamics will help improve our understanding of Jupiter interior
from gravity measurements (Kaspi et al. 2010; Galanti & Kaspi
2016).
1 Values calculated by Jacobson, R. A. in 2003 and 2013, respectively
and published in the JPL website:
http : //ssd. jpl.nasa.gov/?gravity_ f ields_op
The results of our simulations are very confined in the J4-J6
diagram, specially in the case of J6 which is narrowly defined
within this framework. We find larger |J4| and J6 than observed
values and the most recent estimations of 2013. Our results with
MH13+SCvH and a recent estimation by Hubbard & Militzer
(2016) show a similar tendency towards preferred J4 and J6 val-
ues.
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Fig. 6. J4 and J6 pre-Juno observed values (Campbell & Synnott 1985)
(purple), those with a correction due to differential rotation (Guillot
1999) (dark green) and more recent estimations by Jacobson in 2003
(black) and 2013 (brown). Js solutions of our optimized models within
2σ of Campbell & Synnott (1985) and modeled with Z-discontinuous
are shown in different colors according to the equation of state used in
the simulation: SCvH (green), REOS3b (blue) and MH13+SCvH (red).
Pink dot shows a recent model by Hubbard & Militzer (2016) and or-
ange box shows estimations by Nettelmann et al. (2012) for comparison.
In our models Ydeep is calculated to account for the missing
helium in Jupiter’s atmosphere respect to the protosolar value
(section 2). Figure 7 shows J4, J6 and MZ found in our opti-
mized models when changing Yproto and maintaining Yatm fixed,
to test the effect of changing the abundance of helium in Jupiter’s
deep layer. To satisfy the constrain in J2, larger Ydeep leads to
lower mass of heavy elements in the envelope, which decreases
approximately 5 MEarth when going from Ydeep = 0.238 to
Ydeep = 0.28 in all cases. Larger abundance of helium in the deep
layer ensures solutions closer to current J4 and J6 estimations.
The mass of the core and the mass of heavy elements found
in our models depend on the Js used to constrain the solu-
tions. Figure 8 shows that solutions find with Js derived from
observations published by Campbell & Synnott (1985) lead to
larger Mcore and smaller MZ than the values find with more re-
cent estimations by Jacobson (2003; 2013). Mcore estimations
when using Js by Campbell & Synnott (1985) reach core masses
4MEarth larger than the values find with Js by Jacobson (2003)
for REOS3b and SCvH. The lowest MZ find with Js by Campbell
& Synnott (1985) are 6MEarth lower than estimations find with
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with differential rotation (Guillot, 99)
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Fig. 7. Model results when adjusting the mass of the core and heavy
elements to reproduce Jupiter’s radius and J2. In these models the at-
mospheric helium mass mixing ratio is fixed to Yatm = 0.238 and we
change the helium abundance in the deeper layer to match the protoso-
lar value within its error bars. Different panels show J4 (upper panel),
J6 (middle panel) and MZ (lower panel). Different colors show results
for the three different equations of state of hydrogen and helium: SCvH
(green), MH13+SCvH (red) and REOS3b (blue). The lines indicate dif-
ferent locations of the helium phase that separates the two envelopes
at 0.8 Mbar (dashed), 2 Mbar (solid) and 4 Mbar (dotted lines). The
vertical dashed line indicate the protosolar helium mixing ratio and the
horizontal lines in the upper panel show estimations of J4 from obser-
vations and models as a reference.
values calculated by Jacobson (2003) for REOS3b and SCvH.
Results found with MH13+SCvH do not change significantly
for MZ but there is a difference of 2MEarth in Mcore in the so-
lutions estimated with the different Js. There are no solutions
find within 2σ with Js estimated by Jacobson (2003). New infor-
mation provided by Juno will contribute to more accurate data
to calculate gravitational moments of larger order and improve
the uncertainty in lower ones, towards a better determination of
Jupiter internal structure.
4.2.2. Jupiter’s core and heavy element’s mass
For the following optimized models we adjusted our solutions to
reproduce Jupiter’s radius, J2 and J4. For Z-homogeneous cases
we adjust the core mass and heavy elements mass mixing ra-
tio, while for Z-discontinuous we find the difference between
the abundance of heavy elements in the outer and deeper enve-
lope (∆Z) and core mass that best reproduce the observables. Our
baseline models were made using J2 and J4 derived from ob-
servations of Jupiter gravity field (Campbell & Synnott 1985),
Psep = 2 Mbar and the NIST equation of state for hot H2O as
the equation of state for heavy elements. Models that differ from
these conditions are indicated in the text and figure captions. We
consider uncertainties in the averaged helium mass mixing ratio,
the atmospheric helium mass mixing ratio, the mass mixing ratio
of rocks and ices and the ice fraction in the core. Due to these
uncertainties our range of potential solutions cover an area in the
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Fig. 8. Mass of the core and heavy elements in Jupiter interior de-
rived with different Js. Models use Z-discontinuous scenario, Psep= 2
Mbar and different EOS indicated in the figure. Colored areas shows
solutions within 2σ from Jupiter’s radius, J2 and J4 estimated by
Campbell & Synnott (1985) (black), Guillot (1999) (orange), Jacobson
(2003) (yellow) and Jacobson (2013) (red). No solution was found with
MH13+SCvH and constrains by JUP230.
Mcore-MZ diagram. In addition, we explore different values of J2
and J4 (see table 1), different equations of state for heavy ele-
ments and we change the location of the helium phase transition
to explore the sensitivity of the results to different model input
parameters.
We run optimizations for the 3 different equations of state
for hydrogen and helium explored in this work. It is important
to note that we started each one of these runs with the same
model, the same initial conditions and the same space of param-
eters to vary, but changing only the equation of state for hydro-
gen and helium. Figure 9 shows that Jupiter’s internal structure
SCvH
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MH13+SCvH
Z-homogeneous
Z-discontinuos
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Fig. 9. The areas in the mass of the core and heavy elements space cor-
respond to solutions found within 2σ and different equations of state for
H and He: SCvH (green), MH13+SCvH (red) and REOS3b (blue area).
Results found with Z-homogeneous are the areas within the dashed lines
and correspond to a subgroup of the Z-discontinuous solutions (as will
be in all the figures from now on).
is extremely sensitive to the equation of state adopted, as ex-
pected from the differences in thermal profiles shown in static
models (section 4.1). The different equations of state lead to a
completely different set of solutions that do not intersect with
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each other. While SCvH leads to an interior of Jupiter with a
small core and a large amount of heavy elements, results found
with REOS3b indicate a much larger mass of heavy elements in
general: a large core and a large abundance of heavy elements,
and MH13+SCvH leads to a large core and a very small amount
of heavy elements in Jupiter’s interior.
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Fig. 10. Space of solutions obtained with different equations of state
for H and He and for heavy elements. The equations of state for hydro-
gen and helium are indicated above the areas and the equations of state
of heavy elements have different colors: H2O NIST is black, Drysand
SESAME is purple and H2O NIST is pink.
Figure 10 shows that Jupiter’s structure is also sensitive to
the equation of state for heavy elements adopted in the model
(section 3.3).
For REOS3b both Mcore and MZ get smaller when us-
ing dry sand SESAME, while the mass of heavy elements in-
crease when using H2O SESAME, when compared with results
found with H2O NIST EOS. For SCvH Mcore is smaller for
dry sand SESAME and MZ is also smaller for the same core
masses in comparison to results found with H2O NIST EOS.
MH13+SCvH is less sensitive to changes in the EOS for heavy
elements.
We tested the sensitivity of the results to different Psep. Fig-
ure 11 shows that when Psep moves from larger (4Mbar) to lower
pressures (0.8Mbar) more solids are found in the core.
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Fig. 11. Results of optimization models with different equations of state
for H and He and changing the location of the PS ep: 4Mbar (black), 2
Mbar (blue), 1 Mbar (green)and 0.8 Mbar (light-blue).
4.3. Discussion: Sensitivity to internal energy calculations
REOS.3 tables were constructed with a different scheme than
SCvH tables. Their internal energies are not the same, not even
in the H2 regime. We constructed REOS3b tables changing the
zero point of the specific internal energy to coincide with SCvH
values at T=60 K and ρ = 10−3 g/cm3, but the difference be-
tween the tables differ when we move to different temperatures.
Results by Militzer & Ceperley (2001); Militzer (2013); Militzer
& Hubbard (2013) also show differences with SCvH internal en-
ergies. They found that SCvH model consider lower temperature
intervals for the ionization of hydrogen atoms, which causes the
discrepancy with their internal energies results.
To test the sensitivity of the internal structure calculations
to differences in the internal energy derivation, we calculated a
second equation of state based on REOS.3 results, in which we
calculated the difference between the REOS.3 and SCvH and
shifted the internal energies at all densities accordingly in or-
der to make them coincide at ρ = 10−3 g/cm3 for all tempera-
tures. We then calculated the entropy for each point of the ta-
ble and performed static and optimized calculations. We called
these new tables REOS3sc (shown in appendix A). Figure 12
shows Jupiter’s internal structure calculated with REOS3b and
REOSsc. The differences in internal energy lead to a difference
in the entropies which affect the thermal profile.
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Fig. 12. Thermal profile calculated for Jupiter when using two equations
of state derived using different internal energies. Top panel shows tem-
perature vs. density, where blue is REOS3b and dashed magenta line
was obtained with our test case the REOS3sc eos. Lower panel shows
the differences in temperatures derived with the different equations of
state: blue line is the difference between REOS3b and SCvH, dashed
magenta line is the difference between REOS3sc and SCvH and orange
line is the difference between REOS3b and REOS3sc.
The different temperatures in the interior of the planet lead
to different core mass and mass of heavy elements derived in
the optimized calculations. Figure 13 shows the solutions found
with both equations of state, which shows that results are very
sensitive to the internal energy and entropy calculations.
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Fig. 13. Differences between the results obtained with REOS3b and
REOS3sc equations of state.
5. Conclusions
Jupiter reservoir of heavy elements is key to understand the
origin of our Solar system. Nevertheless, the distribution and
amount of heavy elements in its interior is difficult to constrain
and degeneracies arise depending on assumed observational con-
strains and model parameters in interior structure calculations.
We present Jupiter optimized models, where the mass of the
core and the mass of heavy elements are adjusted to reproduce
Jupiter’s radius, J2 and J4. We show how our solutions change
drastically with the EOS for hydrogen and helium and also ex-
plore the sensitivity to heavy elements equations of state, sepa-
ration between metallic and molecular envelope and distribution
of heavy elements in Jupiter’s interior.
We adopt two different models for Jupiter, both scenarios
consider helium phase separation and correspondingly different
helium abundance in the outer and deeper layer. The difference
is in the heavy elements distribution: one scenario has an homo-
geneous distribution of heavy elements and its mass mixing ratio
is adjusted according to the observables. In the second scenario,
Jupiter has different compositions of heavy elements in the two
layers and the difference in the abundance in the outer and deeper
envelope (∆Z) is adjusted to find solutions that best reproduce
Jupiter observational data. Allowing a change in heavy elements
between the two layers adds a degree of freedom to the problem,
which grants more solutions in the MZ-Mcore space. The pressure
at which the separation between the two envelope layers occurs
affects the solutions. This separation occurs between 0.8 and 4
Mbar, according to Morales et al. (2013) helium rain studies.
We find that MZ decreases and Mcore increases when Psep moves
from high to low pressures.
Based on the works by Saumon et al. (1995); Militzer &
Hubbard (2013); Becker et al. (2014), we explored hydrogen
and helium equations of state and show that significant differ-
ences remain in these EOSs, although they match experimen-
tal data obtained by compression experiments along a Hugoniot.
Some of the differences come from internal energy and entropy
calculations. We show how small changes in the internal energy
lead to differences in the entropy calculated which in turn affect
the thermal profile and the estimation of the mass of the core
and heavy elements. This explains differences seen in recently
published interior models of the planet. Jupiter internal structure
has a much large temperature when using REOS3b than with
SCvH. For densities ρ > 0.22246 g/cm3, MH13+SCvH leads to
much lower temperatures than the other two EOS. This differ-
ences in the thermal structure lead to differences in the derived
Mcore and MZ . MH13+SCvH allows larger Mcore and smaller MZ
while REOS3b has larger Mcore but similar MZ than results find
with SCvH.
In our baseline simulations, MH13+SCvH leads to Mcore be-
tween 11 and 17 MEarth, in agreement with results by Militzer &
Hubbard (2013) and the preferred model of Hubbard & Militzer
(2016). REOS3b leads to Mcore between 7 and 16 MEarth, larger
than estimations by Nettelmann et al. (2012) and Becker et al.
(2014). While their preferred model has Psep ≥ 4 Mbar, our mod-
els put the separation between Zatm and Zdeep in the same place as
the helium phase transition, between 0.8 and 4 Mbar (Morales et
al. 2013) and the baseline simulations have Psep=2 Mbar. When
comparing the results at Psep= 4 Mbar we find a lower limit for
the mass of the core of 4 MEarth, consistent with the small core
hypothesis showed by Nettelmann et al. (2012) and Becker et
al. (2014) for the same case. Other small differences are due to
different model parameters such us the temperature at the 1 bar
limit, equation of state used for solids and differences in entropy
calculation.
The equation of state for the heavy elements is also relevant.
We study three different equations of state for rocks and wa-
ter. Dry sand SESAME (Lyon & Johnson 1992) allows smaller
Mcore, while MZ increase when using H2O SESAME (Lyon &
Johnson 1992) when compared with solutions obtained with hot
water NIST EOS (Valencia et al. 2013).
Our results help in the interpretation of Jupiter observational
data. Its gravitational moments changed from the first pre-Juno
data (Campbell & Synnott 1985) to the constrains we have today
(Jacobson, 2013). They also change according to the dynamics
and rotation of Jupiter adopted in the model. Given the relatively
large scatter in the gravitational moments of Jupiter inferred be-
tween 1985 and today, in our baseline simulations we chose to
use conservative 2σ error bars based on the published value of
Campbell & Synnott (1985) which encompass all of these val-
ues. We also show how different Js lead to different estimations
of the core and heavy elements masses having a difference of up
to 4MEarth in Mcore and ∼6MEarth in MZ for REOS3b and SCvH.
Our preferred results have larger J6 than the ones currently pub-
lished. Juno mission will provide more accurate data, improving
our knowledge of Jupiter internal structure.
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Appendix A: Equations of state
We present the equations of state derived in this paper. We note
that the equations of state were tested and used only in a re-
stricted range of pressures (106 to 1014 dyn/cm2) and temper-
atures (100 to 105 K) relevant for modeling Jupiter’s internal
structure. There are some deviations between the entropies cal-
culated and those in SCvH table for log(s) < 8.6 in the hydrogen
tables and for log(s) < 8.2 and densities log(ρ) < −5 in the
helium tables.
All the tables in this appendix are available in their entirety
in the online journal. A portion is shown here for guidance re-
garding their form and content.
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Table A.1. MH13+SCvH table for hydrogen.
log(P) [dyn/cm2] log(T ) [K] log(ρ) [g/cm3] log(s) [erg/gK]
4.0000000000000000 2.2500 -5.8654028904134083 8.9259253894161983
4.1500000000000004 2.2500 -5.7154039997492951 8.9185239042839068
4.3000000000000007 2.2500 -5.5654055482155513 8.9109945018226053
4.4500000000000011 2.2500 -5.4154076999882692 8.9033332403514844
4.6000000000000014 2.2500 -5.2654107675309119 8.8955336686414146
4.7500000000000018 2.2500 -5.1154150888124521 8.8875914762240953
4.9000000000000021 2.2500 -4.9654211956861642 8.8795012650122480
5.0500000000000025 2.2500 -4.8154298213730833 8.8712572711005073
Table A.2. REOS3b table for hydrogen.
log(P) [dyn/cm2] log(T ) [K] log(ρ) [g/cm3] log(s) [erg/gK]
7.50000000 1.77815127 -1.74398792 8.51118183
7.57499981 1.77815127 -1.60381353 8.48558712
7.64999962 1.77815127 -1.40540540 8.43856716
7.72499943 1.77815127 -1.30222011 8.40594292
7.79999924 1.77815127 -1.25477469 8.38819885
7.87499905 1.77815127 -1.22213173 8.37435246
7.94999886 1.77815127 -1.19594634 8.36197186
8.02499866 1.77815127 -1.17360163 8.35033607
Table A.3. REOS3b table for helium.
log(P) [dyn/cm2] log(T ) [K] log(ρ) [g/cm3] log(s) [erg/gK]
4.50000000 1.77815127 -4.59566355 8.48160362
4.57499981 1.77815127 -4.52066803 8.47642231
4.64999962 1.77815127 -4.44567299 8.47117710
4.72499943 1.77815127 -4.37067795 8.46586895
4.79999924 1.77815127 -4.29568529 8.46049404
4.87499905 1.77815127 -4.22069359 8.45505142
4.94999886 1.77815127 -4.14570236 8.44953823
5.02499866 1.77815127 -4.07071352 8.44405270
Table A.4. REOS3sc table for hydrogen.
log(P) [dyn/cm2] log(T ) [K] log(ρ) [g/cm3] log(s) [erg/gK]
7.50000000 1.77815127 -1.74398792 8.49107647
7.57499981 1.77815127 -1.60381353 8.46421719
7.64999962 1.77815127 -1.40540540 8.41470623
7.72499943 1.77815127 -1.30222011 8.38014793
7.79999924 1.77815127 -1.25477469 8.36175156
7.87499905 1.77815127 -1.22213173 8.34656525
7.94999886 1.77815127 -1.19594634 8.33196449
8.02499866 1.77815127 -1.17360163 8.31901360
Table A.5. REOS3sc table for helium.
log(P) [dyn/cm2] log(T ) [K] log(ρ) [g/cm3] log(s) [erg/gK]
4.50000000 1.77815127 -4.59566355 8.49313259
4.57499981 1.77815127 -4.52066803 8.48808765
4.64999962 1.77815127 -4.44567299 8.48298264
4.72499943 1.77815127 -4.37067795 8.47781658
4.79999924 1.77815127 -4.29568529 8.47258949
4.87499905 1.77815127 -4.22069359 8.46729851
4.94999886 1.77815127 -4.14570236 8.46194172
5.02499866 1.77815127 -4.07071352 8.45651817
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